Buildings in cities consume 30% to 70% of total primary energy, and improving building energy efficiency is one of the key strategies towards sustainable urbanization. Urban building energy models (UBEM) can support city managers to evaluate and prioritize energy conservation measures (ECMs) for investment and the design of incentive and rebate programs. This paper presents the retrofit analysis feature of City Building Energy Saver (CityBES) to automatically generate and simulate UBEM using EnergyPlus based on cities' building datasets and userselected ECMs. CityBES is a new open web-based tool to support city-scale building energy efficiency strategic plans and programs. The technical details of using CityBES for UBEM generation and simulation are introduced, including the workflow, key assumptions, and major databases. Also presented is a case study that analyzes the potential retrofit energy use and energy cost savings of five individual ECMs and two measure packages for 940 office and retail buildings in six city districts in northeast San Francisco, United States. The results show that: (1) all five measures together can save 23%-38% of site energy per building; (2) replacing lighting with light-emitting diode lamps and adding air economizers to existing heating, ventilation and air-conditioning (HVAC) systems are most cost-effective with an average payback of 2.0 and 4.3 years, respectively; and (3) it is not economical to upgrade HVAC systems or replace windows in 1 San Franciso due to the city's mild climate and minimal cooling and heating loads. The CityBES retrofit analysis feature does not require users to have deep knowledge of building systems or technologies for the generation and simulation of building energy models, which helps overcome major technical barriers for city managers and their consultants to adopt UBEM.
Introduction
With the increasingly global urbanization, more than half of the world's population lives in urban areas [1] . Many cities have adopted ambitious long-term greenhouse gas (GHG) emission reduction goals. For example, San Francisco (SF) planned to reduce GHG emission 40% below the 1990 level by 2025, and 80% by 2050 [2] . New York City also committed to reducing GHG emission 80% below 1990 level by 2050, with an interim target to reduce 40% by 2030 [3] . The building sector in the United States (U.S.) accounts for about 40% of the total primary energy consumption and GHG emissions [4] . In cities, buildings can consume up to 75% of total primary energy [5] . Buildings in SF contribute to 53% of the total GHG emission [6] .
Retrofitting the existing building stock to improve energy efficiency and reduce energy use is a key strategy for cities to reduce GHG emissions and mitigate climate change.
Many cities, states, and utilities provide rebates and incentives to support building retrofits [7] . SF Energy Watch program [8] , supported by the Pacific Gas and Electric, offers incentives to commercial and multi-family buildings for energy efficiency upgrades to lighting, refrigeration equipment, controls, and network-level computer power management software, etc. SF's Property Assessed Clean Energy financing program [9] helps homeowners finance energysaving, renewable energy, and water-saving home upgrades. The New York State Energy
Research and Development Authority [10] provides financial support for Commercial Real-Time Energy Management system implementation and services for up to 5 years. Florida Public Utilities [11] offers commercial electric rebates for businesses to help offset the cost of making energy-efficiency upgrades to chillers, reflective roofs, air conditioner replacements, etc. Illinois Energy Now [12] Standard Incentive Program provides incentives for common lighting retrofits, variable speed drives for heating, ventilation and air-conditioning (HVAC) equipment, demand-controlled ventilation, boilers, and furnaces. These rebate and incentive programs were designed based on each city's building stock characteristics as well as their climate conditions. It is critical for city managers to have tools to evaluate and prioritize energy conservation measures (ECMs) for their city-scale retrofit analysis, so that they can design the rebate and incentive programs accordingly and effectively.
Data-driven models and physical models are two major methods to analyze energy use for either individual or city-scale buildings. Data-driven models [13, 14] can be applied to identify operational problems or predict operational changes. However, it is difficult to predict the retrofit savings of ECMs using data-driven models. On the other hand, physical models of heat and mass flow in and around buildings can be applied to predict operational energy use, as well as indoor and outdoor environmental conditions, to evaluate the retrofit savings for a variety of ECMs.
Reinhart and Davila [15] reviewed emerging simulation methods and implementation workflows for bottom-up urban building energy models (UBEM). The basic approach of UBEM is to apply the physical models to groups of buildings.
There are several tools developed to support the generation of UBEM. CitySim (http://citysim.epfl.ch) [16] , developed by Ecole Polytechnique Fédérale de Lausanne University, is a tool that allows building energy simulation at the scale of an urban district. Li, et al. [17] introduced a geographical information system (GIS)-based urban building energy modeling system, using the Urban-EPC simulation engine, a modified energy performance calculator engine. Both tools used simplified resistor-capacitor network models to predict the operational energy usage for urban planners to minimize energy and emissions. Fonseca and Schlueter [18] introduced an integrated model for characterization of spatio-temporal building energy consumption patterns in neighborhoods and city districts. The model also used the resistor-capacitor model to predict building heating and cooling loads. Regarding ECM evaluation, the simplified resistor-capacitor network models can estimate savings for simple ECMs, such as replacing inefficient lighting with light-emitting diode (LED) lamps, adding wall insulation, and replacing windows. However, these tools are limited and unable to evaluate complex ECMs that have an integrated effect on multiple building systems, such as replacing HVAC systems, installing daylight sensors and controls, and adding CO 2 sensors for demandcontrol ventilation. To better evaluate ECMs, detailed physics-based dynamic thermal simulation engines such as EnergyPlus [19] should be used.
Urban Modeling Interface (UMI), developed by Massachusetts Institute of Technology, is a
Rhino-based design environment to evaluate the neighborhood density, operational energy use (using EnergyPlus simulation), daylighting, and walkability of neighborhoods and cities [20] .
UMI was used to developed UBEM for 83,541 buildings in Boston to estimate citywide hourly energy demands at the building level with the official GIS dataset provided by the Boston Redevelopment Authority and a custom building archetype library of 52 use/age archetypes [21] .
After mapping and processing the Boston GIS data sources to create a city building dataset, the modeling workflow required users to create archetypes/prototypes (including envelope, HVAC, internal loads, and operational schedules), import the building footprints using UMI, extrude the building to create a three-dimensional (3D) form using Grasshopper, divide the building into the determined number of floors, add windows according to the building's window-to-wall ratio, and assign the archetypes based on the building type and year of construction. The Boston UBEM modeling workflow requires a significant amount of user effort and knowledge to manually 5 transfer data and generate energy models for the buildings. To better support city managers and their consultants, it is crucial to have a tool that can automate the workflow to generate and simulate the UBEM based on the integrated city building dataset. This required the UBEM tool to have comprehensive archetypes/prototypes covering different building types, vintages, climate zones and to automate the model generation and simulation process. It is important to consider the impact of shading from neighborhood buildings [22] [23] [24] on the UBEM energy performance.
This study introduces CityBES (City Building Energy Saver), an open web-based platform that allows users to quickly set up and run UBEM to support city-scale building energy efficiency analysis. In this study, UBEM refers to not only the physical energy models, but also the generation and simulation of those physical models and the storage and visualization of the analysis results. CityBES addressed the limitations mentioned above by using EnergyPlus as the simulation engine, automating the UBEM generation workflow, and considering shadows from neighboring buildings. A case study using CityBES was conducted to analyze the potential retrofit energy and cost savings of five individual ECMs and two ECM packages for 940 office and retail buildings in six city planning districts of northeast San Francisco. The results generated by CityBES were analyzed to evaluate energy savings and cost-effectiveness of individual ECMs as well as ECM packages.
CityBES Overview
CityBES [25, 26] is a web-based platform developed by Lawrence Berkeley National Laboratory (Berkeley Lab) that is freely available to any U.S. city 1 . Figure 1 shows the key components, data flow, and use cases of CityBES. There are three layers: the data layer, the simulation engine CityBES uses the Commercial Building Energy Saver (CBES) Toolkit [27, 28] , which builds on OpenStudio and EnergyPlus to provide energy retrofit analyses of individual commercial buildings (offices and retail) in U.S. cities. EnergyPlus [19] is an open-source whole building energy simulation program that models both energy consumption (for HVAC, lighting, and plug and process loads) and water use in buildings. OpenStudio [29] provides a software development kit used by CBES to create EnergyPlus models programmatically using Ruby scripts. CBES contains a prototype building database for office and retail buildings for the 16 climate zones (cliamte zone 1B to be added in future) as defined by ASHRAE (American Society of Heating, Refrigerating and Air-Conditioning Engineers), and a comprehensive ECM database with cost and performance data for 82 ECMs. The ECM database includes a detailed description of the technical specifications, modeling methods, and investment costs for each ECM. The measures and modeling of those building systems are systematically applied to the CityBES framework 8 through EnergyPlus simulation for the city building stock retrofit analysis.
Automatic Generation of UBEM
Traditionally, the workflow to generate UBEM is complicated, which has hindered the adoption of UBEM for city-scale retrofit analysis. Cities lack resources or expertise to create and run the UBEM, especially when multiple steps are involved. However, city technical personnel are familiar with the GIS dataset in Shapefile, File Geodatabase (FileGDB), GeoJSON, or even CityGML [30] formats. They are capable of consolidating city data in such formats that can then be imported into energy modeling tools. To speed up the adoption of UBEM to support city managers, CityBES can automatically generate UBEM based on a city's GIS dataset in GeoJSON or CityGML. 
Upload city GIS dataset and select ECMs
There are two types of input data: the city GIS dataset and the selected ECMs. For the city GIS dataset, the GIS-based building footprint, year built, building type, building height, and number 
Determine boundary conditions for each building
CityBES models the neighborhood buildings as shading surfaces in EnergyPlus to consider the solar overshadowing effect between buildings. Figure 5 shows two example EnergyPlus models for a five-story medium-sized office building and a 22-story large-sized office building, including nearby low-rise and faraway tall buildings in gray that shade those two target buildings. When the closest ground distance of the target building and a surrounding building is less than 2.5 times of the surrounding building's height, the surrounding building may shade the target building, so the surrounding building is considered as a shading building of the target building. The height multiplier (2.5) is calculated based on a sun angle of 21.8°, which covers 83% of working hours (9am to 5pm) for SF (longitude 37.77 °N). Increasing the height multiplier may result in more shading buildings, but the impacts should be minimum, as the additional shading buildings only shade the target building during early morning and late afternoon in winter when the solar radiation is weak. The shading simulation time is proportional to the square of the number of shading surfaces. This study showed that EnergyPlus simulations were significantly slowed when a large number of shading surfaces were considered. To speed up the simulation, a polygon simplification was performed to determine an equivalent polygon with fewer vertices/points for the shading buildings. After the simplification, the simulation times for the two target buildings in Figure 5 were reduced from 31 and 23 minutes to 7 minutes each.
Shared walls were detected between two adjoining buildings based on the GIS information. First, the model found adjacent walls for each target wall. In this study/model, two walls are adjacent when the distance between them is less than 0.5 meter. A margin of 0.5 meters was used to overcome the GIS data quality issue. All the adjacent walls' area are then added together; the target wall is determined to be a shared wall if the adjacent area is more than 50% of the target Step (1): fill in the interior space with white color based on the arbitrary building footprint.
Step (2): separate the perimeter space in dark gray and keep the core space still in white.
Step (3): separate the boundary of the core space in white and inner space in light gray.
Step (4): simplify the boundary of the core space and split into thermal zones. For building systems, CBES infers detailed building systems and energy efficiency levels (e.g., insulation of envelope, lighting systems, HVAC systems, and equipment efficiency) based on the local building energy code of that particular vintage. In the case of SF, California's building energy code, Title 24 [32] applies. The HVAC systems are determined based on the CBES prototype building [27] . For small office and small retail buildings, gas furnaces provide hot air for space heating, and packaged single zone rooftop air conditioners are used for cooling. For medium office and medium retail buildings, gas boilers are used for space heating, and packaged 
Visualize and download results
CityBES provides performance visualization by color-coding the 3D view of the buildings based on selected performance metrics (Figure 2 ). It can show site EUI, source EUI, CO 2 emission intensity, peak electricity load intensity, electricity use intensity, and natural gas use intensity of the baseline and retrofit results. It also displays the electricity cost savings, natural gas cost savings, total cost savings, investment cost, and the payback year of each retrofit scenario.
CityBES allows users to download the retrofit analysis results in CSV format for each building, including baseline and retrofit results. CityBES generates sub-hourly load profiles for each building to support other analyses (e.g., district energy systems serving a group of buildings) [33, 34] . It also includes a summary file with the building characteristics information (assessor's parcel number, building type, building height, number of stories, total floor area, and center longitude and latitude) and the annual baseline results. The load profiles include aggregated and detailed end uses of electricity, water, and other fuel sources, as well as space cooling loads, space heating loads, and hot water heating loads. The electricity end uses include heating, cooling, interior lights, exterior lights, miscellaneous equipment (e.g., elevators for tall buildings) and plug loads (interior equipment), fans, pumps, water systems (when heat pump water heater is used), and refrigeration. The fuel end uses cover the space heating and hot water heating, and the water end uses cover the hot water system and cooling tower.
Summary of CityBES retrofit analysis feature
CityBES can process a city's GIS datasets and produce the building stock data using the international standard CityGML format or the GeoJSON format. These data are used to 
Case Study of Northeast San Francisco
Currently, CBES supports the analysis of office buildings and small-to medium-sized retail buildings in the U.S. The SF Property Information Map [35] shows that SF has 1,081 offices and 
Preparing building data in the GeoJSON format
Creating the building dataset is the first step for the city-scale retrofit analysis. Information was drawn from a range of sources to create the building dataset. Figure 9 shows the workflow to create the dataset. There are currently no unique identifiers for buildings in SF. The land use, assessor records, and energy disclosure databases use the assessor's parcel number as identifiers to store the building data. Parcel-related data was merged and mapped with the building footprint data to create a master building dataset with 182 attribute fields for each building. Next, the master dataset was simplified and standardized to create 3D city models for all SF buildings in CityGML, GeoJSON and FileGDB formats. The simplified dataset has 106 attribute fields for each building, including 45 building characteristics fields and 61 energy ordinances fields.
CityGML is an XML-based international open data standard for 3D city models [30] . GeoJSON is a data format based on JSON for encoding a variety of geographic data structures [37] .
FileGDB is a collection of binary files in a folder on disk that can store, query, and manage both spatial and nonspatial data, which can be used by ArcGIS version 10 and above [38] . For this case study, a subset of the SF 3D city model was created with the buildings in the six selected districts.
Figure 9. Data and workflow used to create the city building dataset for San Francisco

Selection of Individual ECM and ECM Packages
Five individual ECMs covering three major building systems (lighting, HVAC, and envelope) that are commonly used in the U.S. commercial building retrofitting projects were selected for the retrofit analysis as shown in Table 2 . Within the five ECMs, three are HVAC measures including space cooling efficiency, heating equipment, and air-economizers (which use more outdoor air if it favors free cooling rather than mechanical cooling); the fourth ECM is a lighting upgrade to LED; the fifth ECM is a retrofit to high-performance windows. For the heating system upgrade, the gas furnace (for small-sized office and retail buildings) and gas boiler systems (for other building types) are included in the retrofit analysis. For the cooling system upgrade, which depends on building type and vintage, the packaged single zone rooftop unit (for small-sized office and retail buildings), packaged multi-zone VAV rooftop unit (for mediumsized office and retail buildings), and central VAV systems with chillers (for large-sized office buildings) are considered. Table 3 shows the cost assumption for selected ECMs provided by CBES. For the windows and lighting measures, single total cost-per-unit values are used. For the HVAC-related measures, the cost values of several capacities are provided. If the capacity of the retrofitted equipment falls within a range, a linear interpolation is used to obtain the total costper-unit of the equipment. If the capacity of the equipment is smaller than the minimum capacity, the total cost-per-unit of the minimum capacity is used. If the capacity of the equipment is larger than the maximum capacity, the total cost-per-unit of the maximum capacity is used. Two ECM packages were created by combining the five individual ECMs. One ECM package combined the LED and the air-economizer measures, and the other ECM package combined all of the five individual ECMs. It should be pointed out that the case study is not designed to automatically select the ECMs and identify the optimal retrofit packages with various investment criteria (e.g., energy savings, energy cost savings, GHG reduction, and payback). 
Retrofit Results and Analysis
CityBES was used to automatically generate the UBEM and run all simulations using EnergyPlus. After downloading the retrofit results in the CSV format, energy saving potential of individual ECMs, as well as the ECM packages for the 940 buildings, was evaluated. Figure 10 and Figure 11 show the annual site energy savings and CO 2 reduction per building type and simple payback year for the individual ECMs as well as the two ECM packages. The results indicate that replacing lighting with LEDs and adding air economizers are the most cost-effective measures (with average payback years of 2.0 and 4.3, respectively). Replacing lighting with LED saves the most energy-310.9 GWh annually, which is 23.5% of the total annual site energy consumption. Figure 12 and Figure 13 show the distribution of annual site energy saving percentage and payback years for the two ECM packages. The package with LED lighting and economizer can save 17%-31% (5th and 95th percentile) of site energy per building with 2.1 to 6.1 (5th and 95th percentile) payback years; while the package with all five EMCs can reduce 23%-38% (5th and 95th percentile) of site energy per building with 6.3 to 33.8 (5th and 95th percentile) payback years. By contrast, the payback is long for upgrading HVAC systems due to the mild climate of SF. Based on the calculated magnitude of energy savings and costeffectiveness, this study shows that SF and its supporting utility company would obtain the most energy savings by providing incentives and rebates for upgrading lighting to LED and adding air-economizers to existing HVAC systems that don't have them. It should be pointed out that the payback years of some ECMs are beyond their lifespan (e.g., gas boiler upgrade), indicating that those ECMs are not cost effective in the SF climate. considerably, and will continue to improve over time.
For the automatic internal zoning of arbitrary shapes, the original building footprint of each building was provided to the CBES. Geometry processing-based methods were implemented (e.g., offset the line, find the intersection, trim the line) to handle some typical geometries (e.g., rectangular and L-shape) based on the Autozoner algorithm introduced by Dogan, et al. [39] .
Some problems persisted when methods were applied to building footprint data with noises.
Therefore, the novel pixel-based autozoning algorithm was developed, which overcame the issue of GIS data with noises. Due to the page limit, we only provide brief introduction to the algorithm in this paper. We will fully describe and evaluate the pixel-based autozoning algorithm in the future study.
City-Scale model calibration
A key barrier to UBEM is a lack of availability of detailed building information (e.g., window to wall ratio, space zoning, operation schedules) and metered energy use data, which was also mentioned in the Boston UBEM study [21] . CBES includes a module to perform automatic model calibration based on monthly electricity and natural gas energy consumption [40] .
However, it is hard to have access to monthly utility bill data at the individual building level at the district or city scale to perform such model calibration. This may change over time as more buildings are subject to building benchmarking ordinances that require building owners to disclose the annual total energy use of their buildings. This study used the standard (e.g., California Title 24) efficiency values to create the prototype buildings. This may affect the analysis results and thus impede cities from effectively adopting UBEM to guide energy policy.
For future work, existing building energy datasets will be leveraged to improve building energy models, such as the city's energy ordinance/benchmarking dataset, DOE Building Performance is an open web-based graphical user interface using CBES as the simulation and analysis engine. It allows users to modify the detailed building information through web browsers, including the window-to-wall ratio, envelope construction, lighting, plug loads, HVAC system, service hot water system, and operation schedules. Users can also upload their monthly utility bills to the CBES App 2 to calibrate the energy model. Moreover, users can run simulation, visualize the retrofit analysis results, and download the energy models as well as the results summary. Berkeley Lab plans to connect CityBES with CBES App to allow users to modify information at the individual building level or perform model calibration with the available measured data (e.g., monthly utility bills). The updated energy models will then be used by
CityBES for further analysis.
Building type coverage
The city building dataset includes other commercial building types (e.g., hotels, restaurants, schools, and hospitals) as well as residential building types, which are currently not supported by CBES. Several efforts are on-going to enhance CBES to cover those and other commercial and residential building types.
Computing challenge
The city building dataset developed includes all of the 177,023 SF buildings. To perform retrofit analysis for all SF buildings CityBES needs to leverage super computers (e.g., National Energy
Research Scientific Computing Center) for the EnergyPlus simulations. This is an on-going effort as part of the exascale computing project (exascaleproject.org) funded by the U.S.
Department of Energy's Office of Science.
For the shading calculation, the shading buildings were modeled as shading surfaces in
EnergyPlus. The 22-story large office building in Figure 5 (b) (referred to Building B in the following discussion) is treated as a shading building for the five-story medium office building in Figure 5 (a). Building B is also treated as a shading building for another 79 buildings in the case study. For the case study, each building model is simulated eight times (one for baseline and seven for the retrofit analysis). Therefore, the shading calculation of Building B is performed 640 times (80 buildings * 8 EnergyPlus models per building). This modeling method is not efficient and consumes a significant amount of computing resources. Ideally, shading over all buildings in the whole city should be calculated only once; shading results of each surface can be saved in a 3D city data model (such as CityGML). EnergyPlus should be extended to read those precalculated shading results directly.
Localized weather conditions
It is important to consider the impact of the local weather data [42] [43] [44] [45] and urban vegetation [46] on the UBEM energy performance. CityBES can assign the closest weather file for each building based on their GIS location. However, there is a lack of multiple TMY3 weather files across a city or district to represent the urban micro-climate (e.g., urban heat island effect).
Computational fluid dynamic (CFD) simulation can be used to generate the local climate conditions (e.g., air temperature and humidity, wind pressure) for the building energy performance simulation. CityBES does not consider impacts from urban vegetation such as tree shading and transpiration. Future development will hopefully integrate UBEM with urban microclimate models (e.g., CFD models, Weather Research and Forecasting models [47] ) to evaluate the impact of micro-climates on urban building energy performance.
CityBES availability
CityBES is freely available for any U.S. city. However, it currently requires developers to help prepare and upload the city building dataset. A user account system is currently under development that will allow public users to register an account, upload the city building data, select energy conservation measures, and perform the retrofit analysis.
Conclusions
This study introduces the CityBES retrofit analysis feature to automatically generate and simulate UBEMs based on city GIS dataset for city-scale building energy retrofit analysis. The case study demonstrated the use of CityBES, as a freely available public tool, to select, evaluate, and prioritize energy conservation measures for retrofitting a large number of buildings in cities.
This supports city energy managers when making decisions about building energy efficiency.
Collection and integration of city data into the international data standard CityGML is not only essential for the city-scale retrofit analysis, but also useful to avoid redundant data collection and integration work for future and other urban applications. More work is needed to explore how to provide these tools for city energy analysts and to determine which features are most important or usable. City-scale building energy modeling is a nascent field with growing attention and expectation to engage and support key stakeholders (urban planners, researchers, practitioners, and policy makers).
